Activation of M1-type muscarinic acetylcholine receptors excites neocortical pyramidal neurons, in part by gating a nonselective cation conductance that produces calcium-dependent 'afterdepolarizing potentials' (ADPs) following short trains of action potentials. Although the identity of the cation conductance mediating the ADP is not known, previous work has implicated canonical transient receptor potential (TRPC) channels, specifically the TRPC5 and TRPC6 subtypes. Using pharmacological and genetic approaches, we tested the role of TRPC channels in generating cholinergic ADPs in layer 5 pyramidal neurons in the mouse medial prefrontal cortex (mPFC). A variety of compounds that block TRPC channels, including 2-aminoethoxydiphenyl borate, flufenamic acid, lanthanum, SKF-96365, and Pyr-3, had little, if any, impact on cholinergic ADPs. Similarly, genetic deletion of several TRPC subunits, including TPRC1, TRPC5, and TRPC6 (single knockouts), or both TRPC5 and TRPC6 together (double knockout), failed to reduce the amplitude of cholinergic ADPs. These data suggest that TRPC5 and TRPC6 subunits are not required for cholinergic excitation of layer 5 pyramidal neurons in the mouse mPFC and that the focus of future work should be expanded to test the involvement of other potential ionic effectors.
Introduction
M1-type muscarinic acetylcholine receptors (M1Rs) play a central role in regulating the excitability of cortical pyramidal neurons [1] . One effect of M1R activation is the gating of a calcium-dependent cation conductance that generates afterdepolarizing potentials (ADPs) following bursts of action potentials [1] [2] [3] [4] . Although a subject of much investigation, the ionic mechanism underlying the cholinergic ADP remains unknown. Several recent studies have focused on members of the canonical transient receptor potential (TRPC) channel family. These cation channels are gated by G q -coupled metabotropic receptors, facilitated by increases in cytosolic calcium [5] , and are widely expressed in the cerebral cortex, including the medial prefrontal cortex (mPFC) [6, 7] . Specifically, Yan et al. [8] found in cultured cortical pyramidal neurons that genetic expression of a TRPC-dominant negative subunit inhibits, whereas overexpression of TRPC5 or TRPC6 subunits enhances, the amplitude of cholinergic ADPs. Further, pharmacological antagonists of TRPC channels, such as SKF-96365, 2-aminoethoxydiphenyl borate (2-APB), and flufenamic acid (FFA), are reported to block ADP genesis [8, 9] .
The aim of this study was to confirm a role for TRPC5 and/or TRPC6 channels in mediating cholinergic ADPs in neocortical pyramidal neurons from the mouse mPFC using pharmacological approaches and by genetic deletions of specific TRPC subunits. Our results cast doubt on the 'TRPC hypothesis' of cholinergic excitation of cortical pyramidal neurons and suggest that alternative ionic mechanisms should be explored.
Materials and methods
All procedures and experiments were conducted according to methods approved by the Institutional Animal Care and Use Committee of Dartmouth College. Experiments were conducted on tissue from 4-to 6-week-old mice, including wild-type C57BL/6 mice, wild-type crossbred 1 : 1 129SvEv : C57BL/6 (129Sv/C57) mice, or 129Sv/C57 mice lacking TRPC1, TRPC5, TRPC6, or both TRPC5 and TRPC6, channels (TRPC knockout mice). Genetic deletion of TRPC subunits was confirmed by PCR using genomic DNA extracted from mouse tail biopsies [10] . Animals were anesthetized with vaporized isoflurane, decapitated, and their brains were removed and transferred into artificial cerebral spinal fluid (aCSF) composed of (in mM): 125 NaCl, 25 ADPs were evoked using trains of 10 action potentials generated at 40 Hz using short (2 ms), high-amplitude (3 nA) somatic current injections. Baseline ADP amplitudes were quantified as the peak depolarization [relative to resting membrane potential (E rest )] occurring within the first 2 s after the spike train. When baseline ADP amplitudes were negative to E rest , they were quantified as 0 mV. ADP amplitudes were measured under baseline conditions and after 5 or 15 min of exposure to bathapplied carbachol (CCh, 10 mM; with or without TRPC antagonists present), and M1R-dependent ADP amplitudes quantified as the difference between the ADP amplitude occurring in the presence of CCh and the baseline ADP amplitude. Most drugs were obtained from Tocris Biosciences (Tocris Bioscience, Bristol, UK). Cadmium chloride (CdCl 2 ), lanthanum chloride (LaCl 3 ), and CCh were obtained from Sigma Aldrich (SigmaAldrich Corporation, St. Louis, Missouri, USA). FFA was obtained from both Tocris Biosciences and Sigma. Stock solutions of CCh, Cd 2 + , 2-APB, SKF-96365 (SKF), LaCl 3 , and Pyr-3 were made by dissolving compounds in water; FFA was dissolved in dimethyl sulfoxide, with the final concentration of dimethyl sulfoxide not exceeding 0.1%.
Results and discussion
We tested the ability of TRPC antagonists to block cholinergic ADPs in layer 5 pyramidal neurons from the mPFC (Fig. 1a) . Trains of 10 action potentials were generated at 40 Hz using brief (2 ms), high-amplitude (3 nA) current injections. In the presence of bath-applied CCh (10 mM for 5 min), spike trains generated ADPs of similar amplitude in all experimental groups [thick black traces in Fig. 1a ; P = 0.16, analysis of variance (ANOVA)], which were comparable to M1R-dependent ADPs previously observed in pyramidal neurons of the neocortex [1] and hippocampus [11] . After ADPs were measured in the presence of CCh alone, TRPC antagonists were coapplied with CCh for an additional 10 min, at the end of which ADPs were measured again, before a 10-to 15-min wash in drug-free aCSF (Fig. 1a) . Antagonists tested included the nonselective calciumchannel blocker Cd 2 + (200 mM, n = 5); the broadspectrum TRPC blockers FFA (30 mM, n = 11), 2-APB (100 mM, n = 6), and SKF-96365 (50 mM, n = 8); and blockers thought to be somewhat selective for TRPC6 (La 3 + : 4mM, n = 6 or 100 mM, n = 6) or TRPC3 (Pyr-3: 10 mM, n = 5) channels [12, 13] . As expected, ADPs were fully blocked in the presence of Cd 2 + ( Fig. 1 ; mean ADP amplitudes under CCh alone and CCh + Cd 2 + conditions were 2.2±0.4 and 0.1±0.1 mV, respectively; n = 5; P < 0.01, paired t-test). Unexpectedly, however, most TRPC antagonists failed to block CCh-induced ADPs (Fig. 1) . Only in the case of FFA was there a significant, but incomplete, reduction in ADP amplitude (mean change = -33±9%; from 2.0±0.2 mV in CCh alone to 1.4±0.2 mV with FFA present; n = 11; P < 0.01, paired t-test). However, FFA has nonspecific effects independent of TPRC blockade, including modulation of voltage-gated sodium channels [14] , an effect we confirmed using higher concentrations of FFA (100 mM) that consistently blocked action potential generation altogether (n = 4; data not shown). Therefore, the combined results from our pharmacological experiments fail to support a role for TRPC channels in mediating cholinergic ADPs in cortical pyramidal neurons.
A more direct approach to test the role of TRPC channels in generating cholinergic excitation is to utilize neurons from animals genetically lacking specific TRPC subunits (Fig. 2) . Such animals have been developed for several TRPC isoforms, including the TRPC5 and TRPC6 subunits implicated in cholinergic ADPs [10, 15, 16] . As these animals are maintained in a crossbred 129Sv/C57 mouse strain [10] , we first confirmed that muscarinic receptor stimulation facilitates ADPs in prefrontal layer 5 pyramidal neurons from these animals (Fig. 2) . Bath application of CCh (10 mM) reversibly revealed ADPs of comparable amplitude in neurons from C57BL/6 (Fig. 2a) and 129Sv/C57 (Fig. 2b) mice. The mean ADP amplitudes were 2.5±0.3 mV (n = 7) and 1.7±0.2 mV (n = 6) in neurons from C57BL/6 and 129Sv/C57 mice, respectively (P = 0.08, t-test), and therefore data from these two wild-type groups were pooled (mean ADP amplitude of 2.1±0.2 mV; n = 13).
Because previous work has specifically implicated TRPC5 and TRPC6 channels in mediating cholinergic ADPs [8, 9] , and given the presence of heteromeric TRPC1/5 channels in the hippocampus and neocortex [17] , we compared the amplitude of cholinergic ADPs in layer 5 pyramidal neurons from wild-type mice with those from neurons in mice lacking TRPC1, TRPC5, or TRPC6 subunits (Fig. 2) . CCh reversibly facilitated ADP generation in layer 5 pyramidal neurons from all experimental groups, with mean ADP amplitudes being 1.9±0.2, 2.0±0.1, and 2.3±0.5 mV, respectively, for neurons from TRPC1 -/ -(n = 7), TRPC5 -/ -(n = 13), and TRPC6
-/ -(n = 9) animals. Finally, we tested tonic cholinergic responses in layer 5 pyramidal neurons from mice lacking both TRPC5 and TRPC6 (TRPC5/6 double knockout neurons), as overexpression of these two TRPC subunits together can increase ADP amplitudes [8] . However, even in the absence of both TRPC5 and TRPC6 subunits, CCh continued to reveal robust ADPs similar in amplitude (2.5±0.3 mV; n = 14) to those observed in other experimental groups (Fig. 2) . When analyzed using a one-way ANOVA, no significant differences in ADP amplitude were observed in neurons from wild-type or knockout animals (P = 0.44, ANOVA). These results are consistent with our pharmacological findings and further suggest that TRPC channels, including both TRPC5 and TRPC6 channels, are not necessary for cholinergic excitation of layer 5 pyramidal neurons. The prospect that TRPC5 and/or TRPC6 channels mediate cholinergic excitation has been extremely attractive, as these TRPC subunits can be activated by muscarinic receptor stimulation [8, 18, 19] , are positively modulated by intracellular calcium [20, 21] , and are expressed in the cerebral cortex [6, 7] . Further, because TRPC channels are calcium permeable [22] , their activation could facilitate the refilling of intracellular calcium stores critical for phasic cholinergic inhibition of cortical and hippocampal neurons [23] [24] [25] . Indeed, TRPC5 and TRPC6 subunits have been implicated in mediating cholinergic excitatory responses, and overexpression of these channels enhances the amplitude of cholinergic ADPs in cortical pyramidal neurons [8] .
We used both pharmacological and genetic approaches to test the role of TRPC channels in generating cholinergic ADPs in layer 5 pyramidal neurons from the mouse mPFC. Our results uniformly suggest that TRPC channels are not necessary for cholinergic excitation of cortical pyramidal neurons. Although the diversity of potential TRPC heteromeric channels, as well as the possibility of compensatory developmental expression of alternative subunits and/or families of TRP channels (e.g. TRPM or TRPV channels), leaves open a possible physiological role for TRPC channels in cholinergic responses, our results cast doubt on the 'TRPC hypothesis' of cholinergic excitation and suggest that alternative ionic mechanisms should be explored.
